Zonula occludens toxin (Zot) is produced by toxigenic strains of
The development of mucosal vaccines could be very useful for protection against pathogens that infect the host through mucosal surfaces. Mucosal vaccination offers several advantages over systemic vaccination (21, 27) . It is a very efficient way to stimulate mucosal immunoglobulin A (IgA), which can prevent microbial adhesion and invasion of the host tissues. Moreover, mucosal delivery of antigens can induce secretion of antigen-specific IgA antibodies in mucosal districts distant from the site of immunization. Finally, in addition to secretory IgA, mucosal immunization elicits high IgG and IgA responses at the systemic level (21) . These properties, together with the noninvasive nature of mucosal antigen delivery, make mucosal vaccination a potentially successful and flexible means to prevent both infection and disease. However, mucosal administration of soluble proteins does not generally induce an immune response and requires the use of specific mucosal adjuvants (27) . It is interesting that two bacterial enterotoxins, Escherichia coli heat-labile enterotoxin (LT) and the related cholera toxin (CT) produced by Vibrio cholerae, are the most powerful mucosal adjuvants known so far (26) .
Zonula occludens toxin (Zot) is a single polypeptide chain of 44.8 kDa encoded by the filamentous bacteriophage CTX⌽, present in toxigenic strains of V. cholerae (1, 7, 30) . Zot has the ability to increase the permeability of the small intestine by affecting the structure of epithelial tight junctions (8, 9) , thus allowing the passage of macromolecules by the paracellular route. This effect has been clearly demonstrated in vivo and in vitro for rabbit and rat intestinal epithelium (10, 11) and is dependent upon the binding of Zot to specific intestinal receptors (11, 12) . The mechanism of action of Zot involves a rearrangement of the epithelial cell cytoskeleton due to protein kinase C␣-dependent F-actin polymerization, which results in opening of tight junctions (9) . Zot does not cause tissue damage, and its effect on intestinal permeability is time and dose dependent and fully reversible (8, 9) . Because of these properties, Zot can be exploited for the mucosal delivery of drugs and macromolecules that normally do not cross the epithelial barrier, with the aim of developing therapeutic and preventive strategies. Indeed, we have previously shown that intestinal perfusion of diabetic rats with insulin and Zot lowers serum glucose levels and increases the survival time of diabetic rats (10) .
The present study was undertaken to investigate whether Zot could be exploited for mucosal vaccination. In particular, we sought to determine whether Zot would act on the murine nasal mucosa to promote antigen-specific systemic and mucosal immune responses to an intranasally codelivered protein antigen.
MATERIALS AND METHODS
Mice. Female BALB/c mice used throughout the study were 6 to 8 weeks of age and were obtained from Charles River (Calco, Italy).
Antigens and adjuvants. Ovalbumin (Ova) was purchased from Sigma (St. Louis, Mo.). Zot fused with the maltose-binding protein (MBP-Zot) was obtained and purified according to a previously described method (10) . Briefly, the zot gene was fused in frame with the MBP gene, using vector pMal-c2 (11) . The fusion product was expressed in E. coli, and the MBP-Zot fusion protein was purified by affinity chromatography with an amylose column (MBP-fusion purification system; New England Biolabs, Beverly, Mass.). A recombinant form of Zot that corresponds to the whole Zot sequence tagged at the N terminus with a hexahistidine tail (His-Zot) (29) was employed. The biological activities of MBP-Zot and His-Zot were tested in vitro by using Ussing chambers or in vivo in the rabbit ileal loop assay (10) . In some experiments, MBP-Zot and His-Zot were heat inactivated for 30 min at 100°C. LT was kindly provided by M. Pizza (Chiron S.p.A., Siena, Italy).
Immunization schedules and sample collection. Groups of five mice were intranasally immunized five times at weekly intervals (days 0, 7, 14, 21, and 28) with 5 g of Ova in the absence or presence of mucosal adjuvants. Mice received either 10 g of MBP-Zot or 5 g of His-Zot as a mucosal adjuvant. Identical immunization schedules were employed for experiments with heat-inactivated MBP-Zot and His-Zot. In one experiment, groups of five mice were intranasally immunized twice (days 0 and 14) with 5 g of Ova alone or together with either 1 g of MBP-Zot or 1 g of LT. For intranasal immunization, mice were lightly anesthetized by intraperitoneal injection of ketamine and xylazine, and a final volume of 15 to 20 l (i.e., 7.5 to 10 l per nostril) of a solution containing antigen with or without adjuvant diluted in sterile phosphate-buffered saline (PBS) was administered. Serum samples, vaginal washes, and fecal pellets were generally collected every week, 24 h before each immunization and 1 week after the last immunization, unless otherwise stated. Vaginal washes were obtained by flushing the vaginal cavity with 150 l of sterile PBS. After centrifugation, supernatants were stored at Ϫ20°C until assayed. The extracts from fecal pellets were prepared as described elsewhere (20) . Briefly, 0.1 g of pellet was mixed with 1 ml of PBS containing 0.1% NaN 3 and vortexed for 10 min. After centrifugation, supernatants were collected and stored at Ϫ20°C until assayed.
Analysis of antibody isotypes and IgG subclasses. Anti-Ova antibodies were titrated in individual serum and mucosal samples by using enzyme-linked immunosorbent assay methods (4). Microplates (Microtest III; Becton Dickinson, Oxnard, Calif.) were coated with a 100-l solution of Ova (45 g/ml) in PBS and incubated overnight at 4°C. Plates were then washed three times with PBS containing 0.05% Tween 20 (Sigma) and blocked for 2 h with 200 l of PBS containing 1% bovine serum albumin (BSA), and serial dilutions of serum or mucosal samples were added to duplicate wells. IgG and IgA titers were determined by addition of ␥-or ␣-chain-specific biotin-conjugated goat anti-mouse antibodies (Sigma) diluted 1:1,000 in PBS containing 0.1% BSA and 0.025% Tween 20. To determine the patterns of IgG subclasses, ␥1-, ␥2a-, ␥2b-, or ␥3-chain-specific biotin-conjugated rat anti-mouse monoclonal antibodies (PharMingen, San Diego, Calif.) were used as previously described (20) . After incubation and washing steps, a 100-l aliquot of horseradish peroxidase-conjugated streptavidin (Dako, Glostrup, Denmark), diluted 1:2,000 in PBS containing 0.1% BSA and 0.025% Tween 20, was added, and color was developed with 3,3Ј,5,5Ј-tetramethylbenzidine substrate (Kirkegaard and Perry, Gaithersburg, Md.). The color reaction was terminated after 5 to 10 min with 50 l of 0.2 M H 2 SO 4 , and the absorbance at 450 nm was determined with an enzyme-linked immunosorbent assay plate reader. Antibody titers are expressed as the reciprocal of the sample dilution corresponding to an optical density of 0.3 units (for IgG) or 0.2 units (for IgA and IgG subclasses) above those of controls.
RESULTS
Adjuvant effect of Zot on antigen-specific serum IgG responses. To investigate whether intranasally administered Zot, together with a soluble protein antigen, would act as an adjuvant for induction of systemic antigen-specific antibody responses, we performed a first set of experiments with MBP-Zot (11) . Groups of BALB/c mice were intranasally immunized with 5 g of Ova in the presence or absence of 10 g of MBPZot. When Ova-specific serum IgG responses were measured following five immunizations, we observed that the titers in the group of mice that received Ova with MBP-Zot were consistently higher than those of mice immunized with Ova alone (Fig. 1) . Although one mouse of the control group showed a high titer of anti-Ova IgG, this was still at least 10 times lower than titers observed in the presence of MBP-Zot.
To rule out a possible contribution of MBP on the adjuvanticity of MBP-Zot, we employed His-Zot, which is devoid of MBP (29) . To directly compare the adjuvant activities of the two Zot preparations, we intranasally immunized mice with Ova in the absence or presence of MBP-Zot or His-Zot. Indeed, since Zot accounts for approximately 50% of the molecular weight of MBP-Zot, we administered to mice a dose of either 10 g of MBP-Zot or 5 g of His-Zot and measured Ova-specific serum IgG responses following five immunizations. It was interesting that His-Zot exhibited an adjuvant activity that was comparable to that of MBP-Zot ( Fig. 2A) . In fact, sera from mice immunized with Ova and either His-Zot or MBP-Zot displayed IgG titers that were 37 and 42 times higher, respectively, than those of mice immunized with Ova alone. Therefore, we excluded any contribution of MBP to the adjuvanticity of MBP-Zot. To further exclude the possibility that other contaminants (e.g., lipopolysaccharide) could account for the immunomodulatory effect of recombinant MBPZot or His-Zot, we included in the same experiment two groups of mice that were immunized with heat-inactivated MBP-Zot and His-Zot. The analysis of Ova-specific IgG responses in these groups of mice showed that neither of the two inactivated forms of Zot retained adjuvant activity (Fig. 2B) .
Taken together, these data clearly show that Zot acts as an adjuvant for the induction of serum IgG responses to an intranasally codelivered protein antigen.
Adjuvant effect of Zot on serum and mucosal IgA responses. The observation that intranasal administration of Zot and Ova resulted in high levels of antigen-specific serum IgG prompted us to investigate whether serum IgA responses were also induced. Figure 3A shows that the sera of mice receiving MBPZot or His-Zot exhibited high IgA titers compared to sera of control mice, in which IgA responses were undetectable. We then investigated whether IgA responses were also induced at the mucosal level by measuring Ova-specific IgA titers in vaginal washes and fecal pellets from the same mice ( Fig. 3B and  C IgA titers that were nevertheless comparable to those induced by MBP-Zot (Fig. 3B) . The lack of response by two mice in the His-Zot group possibly reflected hormone influences on the immune response (4). Indeed, high titers of IgA were found in serum (Fig. 3A) and in fecal samples (Fig. 3C ) from the same two mice immunized with His-Zot. Finally, the fecal pellets from all mice immunized with either MBP-Zot or His-Zot exhibited high titers of anti-Ova IgA (Fig. 3C) .
Altogether these data show that intranasally delivered MBPZot and His-Zot both act as mucosal adjuvants for the induction of antigen-specific IgA in serum and in mucosal secretions.
Comparison of Zot and LT adjuvant activities. LT is commonly used as a mucosal adjuvant because of its extraordinary ability to induce very high systemic and mucosal immune responses to coadministered antigens (2, 26) . Furthermore, its effect is exerted at relatively low dosages and after few immunizations (4, 14) . It was thus interesting to relate the degree of Zot adjuvanticity to that of LT. To this end, we lowered the Zot dose and decreased the number of immunizations. Mice were intranasally immunized with 1 g of either MBP-Zot or LT and 5 g of Ova on days 0 and 14, and Ova-specific serum IgG responses were measured 2 weeks after the second immunization. We observed that mice immunized with MBP-Zot or LT exhibited IgG titers that were 18-and 124-fold higher, respectively, than those of control mice (Fig. 4) . These data show that the adjuvant activity of MBP-Zot is only about seven times lower than that of LT, at least when 1-g doses of the two proteins are compared, and demonstrate that Zot exerts its adjuvant effect also at low doses and after two immunizations. Interestingly, no antigen-specific IgA was found after two immunizations in the sera of mice immunized with either MBPZot or LT (data not shown).
Antigen-specific IgG subclasses following intranasal administration of Zot or LT as a mucosal adjuvant. It has been shown that mucosal administration of LT together with protein antigens stimulates both Th1-and Th2-type cells, which in turn lead to secretion of antigen-specific IgG1, IgG2a, and IgG2b subclasses (14, 28) . We therefore analyzed the pattern of IgG subclasses induced by Zot and determined whether there were any qualitative differences between Zot and LT in this regard. Mice were intranasally immunized five times with Ova alone or in combination with MBP-Zot (10 g), His-Zot (5 g), or LT (1 g). The results in Fig. 5 show that mice immunized with Ova alone exhibited only low Ova-specific IgG1 and IgG2b titers. On the other hand, all the groups that received an adjuvant displayed enhancement of IgG1, IgG2a, and IgG2b responses. In particular, MBP-Zot-immunized mice showed comparable titers of IgG1 and IgG2b and lower levels of IgG2a antibodies, while His-Zot-immunized mice displayed higher levels of IgG1 followed by IgG2b and IgG2a. Similarly, administration of LT resulted in high titers of IgG1 followed by IgG2b and IgG2a. The IgG3 subclass was undetectable in all groups of mice. Overall the results indicate that following intranasal administration of Zot, the pattern of IgG subclasses induced resembles that of LT, which is indicative of stimulation of both Th1-and Th2-type cells (13, 22, 28) .
DISCUSSION
We have shown that Zot, a protein that reversibly affects the structure of intestinal tight junctions, acts as a mucosal adjuvant for antigens delivered through the murine nasal mucosa. We have used two different forms of recombinant Zot, MBPZot and His-Zot. When intranasally delivered with Ova to mice, MBP-Zot and His-Zot induced titers of Ova-specific IgG and IgA in the serum and Ova-specific IgA in mucosal secretions that were much higher than those elicited by the antigen alone. Anti-Ova IgA titers were generally more consistent in the mice that received MBP-Zot as an adjuvant. However, the lack of Ova-specific IgA in the vaginal washes from two mice immunized with His-Zot may likely reflect the intrinsic variability of the immune responses in the female reproductive tract (4), rather than a lower efficacy of His-Zot for the induction of vaginal IgA responses. This is supported by two observations: (i) the three responsive mice immunized with His-Zot showed vaginal IgA titers comparable to those of mice receiving MBP-Zot, and (ii) all mice immunized with His-Zot secreted IgA antibodies in serum and intestine. The ability of intranasally delivered Zot to induce antigen-specific IgA antibodies in mucosal districts distant from the immunization site is particularly useful when a local response is required in mucosae that are not easily accessible to direct immunization or in mucosae where it is generally difficult to elicit an immune response, such as that of the female reproductive tract (4, 16) .
The comparison between MBP-Zot and LT made with 1 g of each protein showed that the adjuvanticity of Zot is only sevenfold lower than that of LT, which is considered one of the most powerful mucosal adjuvants. Furthermore, as for LT, the adjuvant effect of Zot on serum IgG was already evident after two immunizations. Thus, Zot is a very potent novel mucosal adjuvant of microbial origin. Indeed, in light of the recent finding that Zot and CT are encoded by phage CTX⌽, present in toxigenic strains of V. cholerae (30) , Zot and CT now have to be considered mucosal adjuvants of bacteriophage origin.
The effects of MBP-Zot and His-Zot on tight junctions first had been shown in vitro and in vivo for rat and rabbit intestinal epithelium (10, 11) , where Zot interacts with a receptor whose regional distribution varies, being more represented in the jejunum and distal ileum and virtually absent in the colon (11, 12) . The results shown here suggest that a receptor for Zot may also be present on the nasal epithelium, where Zot may exert an effect on tight junctions similar to that shown for the intestinal epithelium, resulting in increased permeabilization of the nasal mucosal barrier. Thus, the mucosal adjuvanticity of Zot could be the result of an increased delivery of antigen into the nasal lymphoreticular tissue. In this regard, it has been shown that the increased permeability observed in the intestinal and nasal mucosae exposed to CT contributes to its adjuvant activity (15, 18) . However, it is possible that besides acting as a permeabilizing agent, Zot may exert some immunomodulatory effects on immune cells, such as those reported for LT and CT (3, 17, 19, 20, 28) . Indeed, similarly to LT, Zot induced a pattern of antigen-specific IgG subclasses (i.e., IgG1, IgG2a, and IgG2b) that is indicative of stimulation of mixed Th1-and Th2-type cells (13, 22, 28) . Although we did not study the cytokine profile of antigen-specific T-helper cells induced by Zot, it is tempting to speculate that Zot could influence the T-cell polarization toward Th1-and Th2-type cells. Obviously, further studies are needed to investigate the action of Zot on immune cells, and we are currently addressing these issues.
It is interesting that the most effective mucosal adjuvants studied so far are toxins mainly produced by enterobacteria or by other bacteria that infect mucosal surfaces. These include LT, CT, and pertussis toxin (24) , and Zot can now be considered a novel enterotoxin with mucosal adjuvant activity. Interestingly, for most of these toxins the enzymatic activity is responsible for toxicity whereas the adjuvant effect, at least for some of them, is independent from the enzymatic activity (5, 6, 31) and depends on toxin binding to cells (23, 25) . It is thus tempting to speculate that from an evolutionary point of view, these toxins developed to perform a main function (that would be dependent on enzymatic activity) and that they acquired adjuvant activity as a "side effect," probably dependent on their binding to cell membranes. Similarly to the above-mentioned toxins, Zot has a dual function, that is, to participate in CTX⌽ phage assembly (30) and to modulate epithelial tight junctions (9) . Although an enzymatic activity has not been formally dem- onstrated for Zot, the two functions of this protein seem to be associated with two different domains (29) .
In conclusion, the facts that the effect of Zot on tight junctions is reversible and that Zot does not cause tissue damage at the epithelial level or induce acute systemic side effects upon oral delivery (10) , in conjunction with the evidence that it acts as a potent adjuvant when intranasally delivered to mice, make Zot a promising tool for the oral delivery of therapeutic agents (10) and for the development of mucosal vaccines against pathogens of the respiratory, gastrointestinal, and urogenital systems.
